INTRODUCTION
The carbon fiber rope (CFR), which was originally developed at NASA Glenn Research Center to meet the requirements of advanced hypersonic engines, t'2 is being considered as a replacement for the thermal barriers currently used to protect O-rings in the joints of the space shuttle reusable solid rocket motor (RSRM), specifically, the nozzle-to-case joint and nozzle joint
No. 2. The CFR currently under consideration readily conforms to various RSRM joint assembly conditions, and has the ability to cool combustion gases, filter slag and particulates, and diffuse impinging gas jets. 3'4'5'6 Steinetz and Dunlap 7 have studied the feasibility of using a CFR as a thermal barrier to hot combustion gases inside RSRM joints and found that a CFR could withstand 2500°F combustion gases on the upstream side with very little temperature rise on the downstream side. Foote 8 also describes the similar use of a CFR, for the purpose of slag filtering, in the field joints of the Titan IV solid rocket motor.
The main objective of this paper is to develop both flow and heat transfer models for the CFR in RSRM joints within the framework of SFLOW 9. SFLOW is a thermal-flow code recently developed to model the gas dynamics and heat transfer inside RSRM joints by combining SINDA/G l°, a commercial thermal analyzer, Some work has been reported on related flow modeling by the NASA Glenn Research Center, which was aimed at the prediction of leakage through the porous CFR "seal."
engine pressures.
Whilethese models could beused topredict mass flow ratesthrough theCFRif thepressure dropacross the ropeis known, theydo not address theheat transfer between gasandsolidinside theCFR. The heat transfer is an important part of the present study because gas temperature downstream of the CFR and whether this temperature is high enough to cause hardware problems are the major concerns in RSRM applications. Moreover, as shown later in this paper, the heat transfer from the hot combustion gas to the solid surfaces strongly affects the mass flow rate. Furthermore, the influence of gland geometries may result in flow resistances that differ from those in the NASA-Glenn studies.
Methodologies
are developed in this paper for modeling both the gas dynamics inside CFR and the heat transfer from hot combustion gases to solid fibers. In particular, the CFR is modeled using an equivalent rectangular duct with a cross-section area, friction factor and heat transfer coefficient such that the mass flow rate, pressure drop, and heat transfer rate are the same as those in the CFR. The pressure, temperature and velocity of the gas inside this duct are calculated using the one-dimensional Navier-Stokes Various subscale tests, both cold flow and hot flow, have been carried out to validate and refine the current CFR model. In particular, the following three types of testing were used: (1) cold flow in a RSRM nozzle-tocase joint geometry 5, (2) cold flow in a RSRM joint 2 geometry 6, and (3) 
NUMERICAL METHODS
In SFLOW, the gas can be either in a flow path or a volume (i.e., cavity), which are treated very differently.
The gas in a volume is assumed to be in an equilibrium state with no velocity and uniform pressure and temperature (i.e., pressure and temperature are functions of time only) whereas the pressure, temperature and velocity in a path are functions of both time and location. A path has to be connected with a volume at one end; the other end can be connected to a volume or a solid wall, which could be either adiabatic or conducting heat away to the solid region. Details of how the flow fields in both paths and volumes are solved as well as how the friction factor and heat transfer coefficient are obtained in SFLOW are discussed in this section.
Pressure1

Temperature and Velocity in Paths
The transient compressible flow in a path is modeled using SHARP ll'lz'j3, which is a general-purpose CFD code. While SHARP can solve 1D, 2D as well as 3D problems, all results shown in this paper assume onedimensional flow in paths to save CPU time and memory. In 1D, SHARP solves the Navier-Stokes
_t Ox where the unknowns are
In equation (2), A is the cross-section area, which could be a function of both space x and time t, and p and u are the gas density and velocity, respectively. The total energy is e = p (cvT +lu2 12 (3) where T is the gas temperature and c v is the specific heat at constant volume. The inviscid flux term is given 
where the is the mass addition rate due to path erosion, V is the volume of the flow cell, f is the Darcy friction factor, Dh is the hydraulic diameter of the path, fl is the minor loss coefficient and qis the heat transfer rate from gas to solid walls. The boundary conditions for the path flowfield are obtained from the pressure and temperature of the volumes connected to this path.
Note that the friction term is explicitly accounted for in equation (6) because the velocity gradient Ou/_y does not exist in ID. Similarly, the heat transfer term is added in equation (6) due to the fact that the thermal boundary layer is not simulated in SFLOW. The mass addition terms are also added since the erosion or decomposition of the walls will generate this effect.
Finally, minor loss terms such as those due to sudden expansion or contraction and turns or bends in the flow path are added in equation (6).
The friction factor in equation (6) 
." _,--0,11 / Re c = 209 (9) where E is the roughness of the flow path. • for Re b < Re < Re,
• for Re,, < Re < Re, and Re_,_<Re, there is only one transitional zone f = (7.244Re 4643-0.32) (15) x exp(-0.00172 (Re c-Re) 2 )+ 0.032
If the flow path is rectangular, the friction factor in the above equations is multiplied by F_,, = 1.5-1.9r + 1.96r 2 -0.71r 3
for laminar flow and F,,rh = 1.1 -0.2r + 0.2r 2-0.078r 3
for turbulent flow. The ratio of width and height is defined as
with a and b being the width and height of the flow path.
Pressure and Temperature in Volumes
Once the flowfield in the path is solved by SHARP, the pressure and temperature in the volumes can be obtained from mass conservation _m=rh +_rh
Ot e and energy conservation
where the summation is for all paths which connect to this volume, rh,, TI, and u t, are the mass flow rate, temperature and velocity at the end of the path, rh, is the rate of mass addition to the gas due to surface erosion, q is the heat transfer rate from the gas to the solid boundary which includes the convective heat transfer as well as the heat transfer due to erosion. In addition to equations (19) and (20) , the ideal gas law
where V is the volume of the cavity, was used to solve the pressure p, temperature T, and mass m of the volume.
Heat Transfer in Paths
The heat transfer coefficient in flow paths can be obtained from the Nusselt number as , , =max(Pr2, _, , _l) ))/U w ) (25) where /.tn and /_. are the viscosity evaluated at the average gas temperature and wall temperature, respectively.
In the transitional regime, a linear interpolation between the laminar and turbulent Nusselt number is applied.
SFLOW
can also model the jet impingement heat transfer (see reference 9 for details), which usually has a much larger heat transfer coefficient than that from the above equations.
Heat Transfer in Volumes
The heat transfer from the gas in a volume to the solid boundary can be modeled in the following four different ways: (1) using the impingement jet heat transfer correlation; (2) using the heat transfer coefficient in the paths connected to this volume; (3) using a conduction length as h=k/l; and (4) using a user-specified heat transfer coefficient. The user of SFLOW specifies which of these methods should be applied to calculate heat transfer coefficient for all the gas-solid interfaces in all volumes.
CFR MODELING
In this paper, the CFR is modeled using an equivalent rectangular duct with cross-section area A, friction factor f and heat transfer coefficient h. The pressure, temperature and velocity of the gas inside this duct are then calculated using the Navier-Stokes equations (1) through (6). The idea is to model the CFR with a duct that has the same amount of mass flow rate, pressure drop, and heat transfer rate.
Gas Dynamics
The Darcy-Forschheimer's law for transient compressible flow is given by 2123
where the permeability and velocity based on the Darcy area AD (usually frontal area) are denoted by K and v, respectively, while p is the fluid density and u is the local velocity based on the pore area A. The Forschheimer constant is usually written in terms of the permeability as
where c is a non-dimensional empirical constant. For one-dimensional compressible flows in a constant area duct, the momentum conservation law is
Combining equations (26) and (28) yields
Therefore, the friction factor can be calculated from the permeability as
The mass flow rate in the Darcy configuration with a cross-section area of AD is assumed to be the same as that in the SFLOW configuration with a cross-section area of A, i.e.,
Substituting equation (31) into equation (30) yields
where the porosity is defined as
The above derivations indicate that, if equation (32) is used to calculate the friction factor in SFLOW, the mass flow rate through the CFR and pressure drop across the CFR will be the same as those corresponding to that through a porous media with a Darcy area of Ao, permeability of K and Forschheimer constant of c. The input parameters for this CFR model are Darcy area Ao,
constant c, and porosity q_. All of these parameters are assumed to be constant (i.e., independent of both location and time) in all results shown in this paper. The cross-section area A is obtained from the Darcy area and porosity using equation (33).
If the Forschheimer constant in equation (32)is assumed to be zero, the friction factor can be written as
Considering equation (31) (32) indicates that the friction factor is linearly proportional to the hydraulic diameter and the Forschheimer constant. However, the hydraulic diameter has no effect on the flow field because, as shown in equation (28), what appears in the governing equation is f/D_,, which is independent of the hydraulic diameter.
Equation (35) also shows that the friction factor is proportional to the square of porosity while equation (33) indicates that area is linearly proportional to porosity. Therefore, increasing the porosity by a factor of 10 increases the friction factor by a factor of 100 and cross-section area by 10 for fixed permeability and Darcy area. Note that there is no constraint on the porosity in the above derivations and, thus, one can choose an arbitrary porosity for the CFR. That is, for a fixed permeability and Darcy area, one can use a small porosity (i.e., small cross-section area) with a small friction factor or a large porosity (i.e., large crosssection area) with a large assumed friction factor to keep the same mass flow rate and pressure drop across the CFR. Therefore, the porosity has no effect on the solution of gas flow through a CFR. This is not true, however, when the friction factor is large enough such that the flow across the CFR is choked, where the mass flow rate does not change when the friction factor is increased further. Instead, the mass flow rate will be a function of cross-section area only and increasing the porosity will increase the mass flow rate even though the friction factor is also increased. Furthermore, as discussed later in this paper, when there is heat transfer between gas and solid, the porosity affects the amount of gas inside the CFR and, thus, affects the mass flow rate. Note also that, even for unchoked adiabatic flow, porosity may have some effect on the flow field due to the transient and convective terms in equation (26).
These two terms are usually neglected in porous media studies and, in that case, the porosity has no effect on the pressure, temperature and velocity of the gas inside the CFR if the flow is adiabatic and unchoked, Forschheimer constant, and porosity, the surface area has to be specified for each gas-solid interface to obtain the heat transfer rate. In SFLOW, the total surface area for all CFR surfaces is an input parameter and the area of each CFR surface is obtained by assuming it is proportional to the volume of the corresponding CFR solid node.
The surface area has to be specified properly. A very large surface area will make the code unstable since the calculated heat transfer may be larger than the amount of energy available in the gas. On the other hand, a very small surface area does not provide enough heat transfer and, thus, the gas temperature after the rope would be too high. The convective heat transfer rate from the gas inside the CFR to the solid surfaces is limited by the heat transfer rate which causes the temperature of the solid surfaces to equilibrate with the gas temperature during one time step. Specifically, to make sure the code is stable, the heat transfer rate is limited by pAAXCp(T e -7".,)
where Ax, At, T_ and Tw are the length of the flow cell, time step, gas temperature, and wall temperature, respectively.
Note that, if either surface area or time step is too large, this limiter kicks in and the results would depend on the time step. In all SFLOW predictions shown in this paper, the surface area and time step are chosen to be small enough such that equation (37) is always satisfied.
Considering equation (22), the heat transfer rate can be written as
For laminar flow, as shown in equations (23) and (24), the Nusselt number is constant and, thus, the heat transfer rate is also constant as long as A,/Dh is constant. Therefore, increasing or decreasing both the surface area and hydraulic diameter by the same factor does not affect the pressure, temperature and velocity of the gas inside the CFR if the flow is laminar. This is not true, however, for turbulent flows because the turbulence Nusselt number depends on the Reynolds number, which is a function of the hydraulic diameter.
For different porosity, the heat transfer rate is the same for fixed gas and wall temperature since both surface area and heat transfer coefficient are independent of porosity. However, the gas volume inside the CFR V=AL=(kAoL is proportional to porosity. Therefore, the predicted pressure, temperature and velocity of the gas inside the CFR will be different for different values of porosity because, as shown in equation (6), what counts is the heat transfer rate per unit gas volume. This can also be easily understood from the energy equation
pVcp where q >0 is the amount of heat transfer rate from gas to solid. Therefore, for larger porosity, the gas volume inside the CFR is larger and the gas temperature at time step n+l is higher if the gas temperature at time step n is the same.
RESULTS
The CFR models discussed above have been incorporated into SFLOW and the results of applying SFLOW to three sets of CFR tests, which simulate the RSRM nozzle-to-case joints and nozzle joint No. 2, are discussed in this section. The first two tests are cold flow tests and the flow through CFR is assumed to be adiabatic. The last test is a hot flow test and both pressure and temperature history at the joint inlet arc specified in the SFLOW calculation.
Cold Flow Nozzle-to-Case Joint Test
Cold flow tests simulating the RSRM nozzle-to-case joint have been performed 5 where nitrogen (N2) flows from a high-pressure tank though a CFR to the ambient conditions. SFLOW was applied to simulate these tests andthepredicted tankpressure is compared withthe measured datain thissection. The10%compression ratio caseis shownfirst, followedby caseswith compression ratiosof30%, 0%and-10%. Forthe10% compression ratiocase, the effectsof permeability, Forschheimer constant, as well as porosityare discussed indetail.
By neglecting thetransient term,convective termas well astheForschheimer termin equation (26),the permeability canbederived fromthemeasured pressure difference across theCFR, Ap, as
Assuming the gas temperature inside the tank T=const, the Darcy velocity in the above equation can be written
where V is the tank volume and Pl and P2 are the tank pressure at time tl and t2, respectively.
The permeability calculated using the above equations for the 10% compression ratio case is shown in Figure 1 , which ranges from 4x10 -n in 2 to 1.2xi0 n°in2. 
The friction factors at different downstream locations
inside the CFR are shown in Figure 7 . The friction factor increases with both time and downstream locations since, as shown in equation (35), the friction factor is inversely proportional to the mass flow rate.
The friction factor ranges from 10 to more than 200, which is much larger than in a regular duct, due to the small permeability value.
• ', .. The Mach numbers with a porosity of 0.005 and permeability of 8x10 tl in 2 are shown in Figure  10 , where a time step of lxl0 6 sec is applied. The flow across CFR is choked for t<0.5 sec but unchoked after that time because of the reduced pressure difference across the CFR. IxlO -6sec.
The Mach numbers with a porosity of 0.02 and permeability of 8x10 -_ in 2 are shown in Figure 11 . The flow across CFR is not choked and the Mach number is much smaller than that using a porosity of 0.01. The effect of porosity on the predicted pressure is shown in Figure 12 , where a permeability of 8.0x10 -_ in2 is applied. The tank pressure is the largest for ¢=0.002 since, as discussed earlier, the flow is choked all the times. The pressure is smaller for 0=0.005 because the flow is choked only at t<0.5 sec while the pressure is even smaller for ¢=0.01 and 0=0.02 due to the fact that the flow is never choked. The pressure for 0=0.01 and 0=0.02 are not exactly the same because of the transient and convective terms in equation (26) The predicted pressures for different compression ratios are compared with the measured data in Figure 14 . A porosity of 0.01 is applied and the permeability used is 6xlO llin2, 9.2xlO-ltin 2, and 1.5xlO -l°in 2 for the 30%, 0%, and -10% compression ratios, respectively. These values of permeability are close to those shown in Figure  13 derived from the measured data using equation (41) All the predictions shown above used the same Darcy area that was applied to reduce permeability even though the compression ratio is different. The predicted pressure for the 30% compression ratio case using the compressed frontal area as the Darcy area (i.e., the Darcy area is reduced by 30%) is shown in Figure 15 , which indicates that, as discussed before, the permeability should be adjusted to K=6 x10-HinZ/0.7=8.57x1041in 2 in order to match the measured data. That is, the important parameter in SFLOW is the product of Darcy area and permeability whereas the flow solution is the same if the permeability is increased and the Darcy area is decreased by the same factor.
Cold Flow Joint 2 Test
Besides the cold flow nozzle-to-case joint test, additional testing was done using a fixture that modeled potential gland geometry for use in RSRM nozzle joint No. 2. SFLOW has been applied to simulate these tests and the results are shown below. The same parameters (e.g., Darcy area and porosity) as those in the nozzle-tocase joint discussed in the last section are used. the process is assumed to be adiabatic in the SFLOW predictions.
In the space shuttle RSRM, however, the combustion gas at the joint inlet is about 6000 R, which is much higher than the ambient temperature of about 540 R, and the heat transfer from this high-temperature gas to the solid surfaces should not be neglected. Therefore, hot flow tests called Joint Environment Simulator (JES) 6'24 have been carried out. SFLOW is applied to model these tests and some results from the JES5 modeling are discussed below.
The solid grid used in the SFLOW prediction is shown in Figure 17 . The widths of the leak paths before and after the CFR are 0.065 in. In all results shown in this section, the Darcy area used in the SFLOW prediction is 0.065 in 2. From the results shown in last section, the permeability corresponding to a Darcy area of 7.96 in2
for a gap width of 0.065 in is about 5.3x10 11 in 2.
Therefore, the permeability used in the JES5 prediction should be 5.3×1011×7.96/0.065=6.5x10 -9 in2. For all results shown in this section, except otherwise stated, the permeability, total surface area, and hydraulic diameter are 6.5x10 -9 in2, 0.2 in 2, and 9.3×10 -3 in, respectively. 
Hot Flow JES5 Test
The nozzle-to-case and joint 2 testing modeled above are cold flow tests, where the inlet gas temperature is very close to the ambient temperature.
Therefore, the heat transfer between gas and solid walls is small and Figure 18 shows the predicted pressure using a porosity 0.0 The predicted temperatures at different downstream locations using a porosity of 0.005 are shown in Figure  19 and Figure 20 . The temperature peaks at about 0.2 sec and then begins to decrease due to the decreased mass flow rate caused by the decreasing pressure difference across the CFR. The maximum temperature drops from 6000 R at the chamber to about 2400 R before the CFR• Inside the CFR, the gas temperature drops from 2400 R at the beginning to 1000 R at the mid and then to 700 R at the end, indicating that most of the temperature drop happens at the beginning of the CFR. At later times, the pressure drop across the CFR disappears, the flow through the CFR stops, and the gas temperature returns to ambient due to conduction. 
10_"
0.0 At later times, more solid regions are heated up due to conduction.
The predicted difference between gas temperature and solid CFR temperature is shown in Figure 23 . At 0.2 sec, the gas temperature is about 1750 R higher than the solid at the beginning of the CFR while the temperature difference is only about 150 R at the end of the CFR. At later times, the temperature difference is very small, indicating that the thermal equilibrium between gas and solid is reached. Figure 27 and Figure 28 show the predicted pressure and temperature using a porosity of 0.02, which is larger than the value of 0.005 used above. It is evident that the pressure downstream of the CFR is much larger than that shown in Figure 18 . While the temperature at the beginning of the CFR is similar to the low porosity case shown in Figure 20 , the temperatures at the mid and end of the CFR are much larger. This is because, as discussed earlier, the heat transfer rate per unit mass from gas to solid surfaces is much smaller for the large porosity case due to the increased gas volume inside the CFR. 
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. , .'_'._'_.'_'_.'-_._'._.'_._.." The predicted pressure and temperature by assuming there is no heat transfer between gas and solid everywhere are shown in Figure 29 and Figure 30, respectively. Similar to the large porosity case in Figure  27 , the pressure downstream of the CFR is very close to the chamber pressure. The temperature is much larger than both the large and small porosity cases. In fact, the gas temperature inside the joint is even higher than the chamber temperature because of the adiabatic compression.
For these conditions, the heat transfer from the hot combustion gas to the surrounding solid is the dominating driver for the problem. The adiabatic compression temperature for this case can be calculated as 6930 R, which is close to the SFLOW predicted gas temperature inside the CFR. I 0.0 Figure 32 ." Predicted temperature using 0=-0.005 and different permeability. Figure 31 and Figure 32 show the predicted pressure and temperature using a porosity of 0.005 and different permeability. The pressure and temperature change only slightly when the permeability is increased from 6xlO -j°in2 to 5xlO s in2 because, as discussed earlier, this problem is dominated by heat transfer and the effect of friction is small. The pressure downstream of the CFR increases with increasing permeability due to the smaller friction factor. While the temperature for t<0.2 sec is higher for larger permeability due to the larger mass flow rate, it is lower for t>0.2 sec because of the reduced pressure difference across the CFR. Figure 33 and Figure 34 show the predicted pressure and temperature using different values of hydraulic diameter and surface area. The pressure and temperature do not change when the surface area and hydraulic diameter are both decreased by a factor of 10 because, as discussed earlier, the ratio of surface area and hydraulic diameter is the same. The ratio of surface area with diameter used in Figure 33 and Figure 34 is A/Dh=21.5 in, which is the same as that used in Figure  18 and Figure 20 . However, the pressure after the rope shown in Figure  18 is much smaller whereas the temperature inside the CFR shown in Figure 20 is much higher. This is because the Reynolds number is proportional to the hydraulic diameter and the large diameter used in Figure 18 and Figure 
CONCLUSIONS
Both flow and heat transfer models have been developed within the framework of SFLOW to predict the pressure, temperature and velocity of the gas inside the carbon fiber rope (CFR) for applications in the space shuttle reusable solid rocket motor joints. In particular, the CFR is modeled using an equivalent rectangular duct with a cross-section area, friction factor and heat transfer coefficient such that the mass flow rate, pressure drop, and heat transfer rate are the same as those in the CFR. The pressure, temperature and velocity of the gas inside this duct are calculated using the one-dimensional Navier-Stokes equations. Various subscale tests, both cold flow and hot flow, have been carried out to validate and refine the current CFR models. The predicted pressure and temperature history at various locations agree well with experimental measurements. The effect of Forschheimer term is relatively small. It was also found that the heat transfer from the hot combustion gas to the solid is the dominant driver in the applications of CFR to the space shuttle rocket joints.
The input parameters of the CFR model are Darcy area, hydraulic diameter, permeability, Forschheimer constant, total surface area, and porosity, all of which are independent of both location and time. The effects of these parameters have been studied in detail and the results are summarized below
•
A large permeability corresponds to small friction factor and, thus, large mass flow rate and small pressure drop across the CFR. * A small Forschheimer constant has the same effect as a large permeability.
